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Abstract The Rıa de Vigo is a bay strongly inﬂuenced by upwelling-downwelling cycles along the adja-
cent coast of NW Iberia. Moored and ship-board observations during September 2006 showed that subduc-
tion, initially associated with an estuarine circulation, strengthened when a strong downwelling circulation,
resulting from northward wind over the coastal ocean, was generated in the outer Rıa causing ambient
waters to be advected outward in the lower layer. Incoming surface waters conﬁned the estuarine circula-
tion to the shallow interior and displaced isopleths downward through the water column at 10 m d21. As
the estuarine circulation retreated inward, strong ﬂow convergence developed between middle and inner
ria in the layer above 15 m, while divergence developed beneath. The convergence increased through the
period of downwelling-favorable wind at a rate consistent with the observed isopleth displacement veloci-
ties. The coefﬁcient of turbulent diffusion Kt, from a microstructure proﬁler, indicated that mixing was strong
in the estuarine circulation and subsequently in the downwelling zone, where localized instabilities and
temperature-salinity inversions were observed. During the downwelling, concentrations of phytoplankton,
including potentially harmful species, increased, especially in the middle and inner ria, as a result of inward
advection, subduction, and the ability of the dinoﬂagellates to maintain their position in the water column
by swimming. In the course of the 5 day event, the water mass of all but the innermost Rıa was ﬂushed
completely and replaced by waters originating in the coastally trapped poleward ﬂow along the Atlantic
coastline.
1. Introduction
Stratiﬁcation and circulation in partially sheltered bays in upwelling regions are often governed by the inter-
changes with the adjacent ocean regime driven by the wind along the continental shelf, as is the case with
Monterey Bay, California [Ramp et al., 2005; Ryan et al., 2009], Concepcion Bay, Chile [Valle-Levinson et al.,
2004], or St Helena Bay, South Africa [Pitcher et al., 2014]. In narrower, shallower, more enclosed bays like
San Diego Bay, California [Chadwick and Largier, 1999], or Bahıa de San Quintın, NW Mexico [Aveytua-Alcazar
et al., 2008], tidal processes inﬂuence the bay-ocean exchanges to an extent determined by local forcing
and the topographical characteristics of the zone. Contributions from freshwater river discharges generally
play a minor role in the baroclinic exchanges because most coastal upwelling regions are located in Medi-
terranean climates of low rainfall. The northern portion of the NW Iberian Atlantic coast, however, alternates
between a dry, summer upwelling and a wet, winter downwelling season and so the area experiences sig-
niﬁcant river outﬂow that can accumulate under northward winds to generate a coastally trapped, poleward
buoyancy ﬂow of fresher (S< 35.6) water [Peliz et al., 2002; Santos et al., 2004, Torres and Barton, 2006; Otero
et al., 2008].
Rıa de Vigo, some 21 km long, 15 km wide at the mouth and 40 m deep in the central channel, is the south-
ernmost of the four Rıas Baixas (Figure 1), estuary-like embayments formed by the partial submergence of
river valleys on the NW Iberian coast [Vilas Martin, 2009]. All are inﬂuenced by river outﬂow in their interior
[Rıos et al., 1992; Otero et al., 2008] and by processes related to upwelling and downwelling, including the
nearshore poleward ﬂow, at their mouth [Fraga and Margalef, 1979; Fraga, 1981; Mouri~no and Fraga, 1982;
Alvarez-Salgado et al., 1993; Nogueira et al., 1997; Figueiras et al., 2002]. Northern (2.5 km wide by 23 m
deep) and southern (5 km wide and 52 m deep) channels separated by the Cies islands afford communica-
tion between the Rıa de Vigo and the external ocean. Semidiurnal tides, associated with relatively weak tidal
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currents, 10 cm s21, parallel to the
axis of this mesotidal ria, appear to
exert little net effect [Roson et al.,
2008; Cerralbo et al., 2013]. Inter-
change between shelf and ria waters
takes place year-round during upwell-
ing and downwelling events of 2–10
days duration [Blanton et al., 1984; Pie-
dracoba et al., 2005] in a two-layer cir-
culation, so that tides and river
discharge assume major importance
only when wind is weak or freshwater
outﬂow is high [Souto et al., 2003; Pie-
dracoba et al., 2005; Barton et al.,
2015].
The ria can act as an efﬁcient reten-
tion zone during downwelling condi-
tions because inﬂowing upper layer
coastal waters develop a surface con-
vergent front where they encounter
interior waters of freshwater inﬂuence
[Prego et al., 1990]. Generally, the
incoming water subducted at the con-
vergence returns toward the ocean in
the bottom layer in an outer overturn-
ing circulation, though some is mixed into the inner estuarine circulation [Figueiras et al., 2002; Crespo et al.,
2006, 2007; Gilcoto et al., 2007; Villacieros-Robineau et al., 2013]. Longer downwelling episodes, although
associated with the passage of depressions that enhance rainfall and positive estuarine circulation, restrain
the estuarine circulation to the innermost ria. Over the course of a downwelling event, the position of the
convergence zone within the ria will depend largely on the relative strengths of accumulated freshwater
outﬂow in the interior and wind-driven surface inﬂow from outside the ria [Alvarez-Salgado et al., 2000].
Rapid ﬂushing of even the inner ria can take place during upwelling, when the wind-forced and estuarine
circulations are mutually reinforcing.
Its situation in a productive upwelling region enables the port of Vigo, and its ria, to host one of the most
economically important mariculture industries in Europe [Blanton et al., 1987; Figueiras et al., 2002], an activ-
ity that coexists with roles as a major ship-building center, Europe’s principal landing point for ﬁsh, an area
of ecological interest, and a major focus of tourism [Huntington et al., 2015; Fernandez et al., 2016]. At the
end of summer, blooms of toxic alga (Harmful Algal Blooms or HAB) have frequently been observed to have
a negative impact on this mariculture of mussels [Alvarez-Salgado et al., 1998; Gonzalez Vilas et al., 2014].
Many HAB events in the ria have been associated with dinoﬂagellate species like Gymnodinium catenatum,
Dinophysis acuta, and D. acuminata, whose outbreaks often coincide with the onset of downwelling condi-
tions [Estrada, 1984; Reguera et al., 1993; Figueiras et al., 1994; Sordo et al., 2001]. Understanding of the
importance of physical mechanisms to the HABs has proved elusive, though transport has frequently been
attributed a role in their initiation and decay [Fraga et al., 1988; Figueiras et al., 1994; Escalera et al., 2010].
No detailed observations of the development and structure of downwelling or its relation to changing phy-
toplankton distributions within the ria have hitherto been available.
During September 2006, multidisciplinary ﬁeld work carried out in the Rıa de Vigo to document the transi-
tion from upwelling to downwelling seasons coincided with the development of a strong downwelling
event and subsequent HAB that provoked a temporary closure of the mussel culture. In this paper we exam-
ine in detail the onset of the downwelling to investigate (i) the location, magnitude, and variability of the
subduction, (ii) the evolution of the circulation during the development of the event, (iii) the changes in
water properties and stratiﬁcation during the onset of downwelling, and (iv) the inﬂuence of the downwel-
ling event on the distribution of plankton species responsible for HABs.
Figure 1. Location map of the Rıa de Vigo. The yellow lines indicate MiniBat towed
CTD transects of 26 and 30 September. SCAMP turbulence proﬁler casts were
made along the same line as far as 8.828W on 26, 28, and 29 September. Bottom
mounted ADCPs (red dots) recorded currents and bottom temperature at A1 and
A4. Temperature, salinity, and chlorophyll-a were measured continuously at several
depths at A2 (yellow dot). Wind was recorded at the Silleiro buoy 10 km offshore
and on the landward ﬂank of the Cies islands (green dots). Phytoplankton sam-
pling was carried out on several days at positions A5 and B3 (orange dots), close to
mooring A4, and at the surface only at A1 and B0. Isobaths are shown at 10 m
intervals.
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2. Methods
In late September 2006, repeated hydrographic surveys were made from the R/V Mytilus throughout the Rıa
de Vigo with a towed Guildline MiniBat undulator carrying an Applied Microsystems Ltd CTD and Wetlabs
ﬂuorescence sensor. Data used here were taken mainly along the lines shown in Figure 1 on 26 and 30 Sep-
tember. The tow speed of under 5 knots allowed sawtoothed proﬁles spaced horizontally at approximately
150 m. After error checking, proﬁles were averaged to 1 m depth intervals. Casts with a rosette sampler
equipped with 1.2 L Niskin bottles, SeaBird 9111 CTD and Seatech ﬂuorescence sensors were interspersed
with the tows at sites A5, B3, and A4 to capture water samples from three to six depths for determination of
salinity, chlorophyll-a, and microplankton abundance. Microplankton samples were also collected from sur-
face waters at positions A1 and B0. Salinities were determined on a Guildline Autosal 8400 salinometer.
Chlorophyll-a concentrations were determined on a Turner Designs TD700 ﬂuorometer after ﬁltering
100 mL of seawater through 25 mm GF/F ﬁlters [Welschmeyer, 1994]. Microplankton cells were identiﬁed
and counted using an inverted microscope following methods previously described in Crespo et al. [2006].
The CTD proﬁles were processed with the manufacturer’s software and averaged to 1 m intervals.
The launch, Arao, obtained further observations of conductivity, temperature, and ﬂuorescence in 145 casts
with a Self Contained Microstructure Proﬁler (SCAMP:Precision Measurement Engineering, www.pme.com)
between Rande and B3 along the same central line marked in Figure 1. SCAMP data were obtained at 100
Hz in free-fall mode with a loose tether used to recover the instrument. From two to four consecutive casts
were made at each nominal position as the vessel was allowed to drift. The data were processed using the
manufacturer’s software as in Sharples et al. [2001] and Stevens [2003] to obtain proﬁles of dissipation rate,
Brunt-Vaisala frequency, and coefﬁcients of turbulent diffusion. The vertical diffusivity of heat follows the
methodology of Osborn and Cox [1972] and is deﬁned as
Kt5
v
2
@T
@z
 22
;
where (@/@z) is the vertical gradient of the mean temperature structure as observed from the slow response
CTD sensor in SCAMP and v is the rate of dissipation of temperature variance. By assuming isotropic turbu-
lence, v can be estimated as
v56Dt
@T
@z
 2
;
where Dt is the molecular diffusivity of temperature (1.4 3 1027 m2 s21). Here the vertical temperature
gradient is observed with the fast temperature sensor in SCAMP sampling at 100 Hz. The rate of dissipation
of turbulent kinetic energy e was computed from the same data by ﬁtting the observed temperature gradi-
ent spectra estimated in 1 m segments to the theoretical Batchelor spectrum [Batchelor, 1959; Oakey, 1982]
e5ð2pjBÞ4ttD2t ;
where mt is the molecular viscosity of the water (1.4 3 10
26 m2 s21). The Batchelor wave number jB result-
ing from the spectrum ﬁt of the data to the Batchelor spectrum was evaluated statistically with the maxi-
mum likelihood method from Ruddick et al. [2000].
Intercomparison proﬁles were made throughout the study to ensure a coherent data set with the different
CTDs employed. All salinity values were referred to water samples taken by the Rosette sampler in conjunc-
tion with the SeaBird 911 CTD. Nominal ﬂuorescence volts recorded by AML, SCAMP, and the moored sen-
sor at A2 were converted to chlorophyll-a in mg m23 by reference to water samples. All data are reported
in accordance with EOS-80 protocols and the Practical Salinity scale [UNESCO, 1981].
Also calculated was p ‘‘spiciness’’ [Flament, 2002, and references therein], a state variable orthogonal in a
least squares sense to isopycnals in the TS plane, which is used to characterize water mass interactions and
categorize double-diffusive activity in the water column. High spiciness corresponds to warm, salty water
while low values correspond to fresh, cool water. It is especially useful where water mass characteristics are
such that changes in T and S result in small changes in density as can be the case in the ria. The compensat-
ing nature of the covariation of T and S reduces the ability of those variables to visualize circulation patterns
that are more easily highlighted with p.
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Broadband Acoustic Doppler Current Proﬁlers (ADCP) manufactured by RDInstruments were located on the bot-
tom in 45 m depth and 21.5 m depth in middle (A4: 614.4 kHz) and inner (A1: 1228.8 kHz) ria at the positions
indicated in Figure 1. Both instruments sampled velocity at 50 pings per ensemble at 1 min intervals in bins of
1 m, and also recorded bottom pressure (not A1) and temperature. Near-surface bins contaminated by sidelobe
interference were rejected so the ﬁrst available bin at A1 was at 3.9 m and at A4 at 8.9 m. To estimate upper lay-
er transports, velocities were extrapolated to the surface by linear ﬁt to the ﬁrst three available bins. Comparison
of extrapolated proﬁles with the few simultaneous passes by the Arao towed ADCP indicated good agreement.
The 1 min series were averaged to 1 h intervals before applying a Cosine-Lanczos ﬁlter with half-power at 40 h
to produce low-pass series of low frequency variability and high-pass series containing tidal and other short-
period contributions. Currents were rotated into ‘‘along ria’’ and ‘‘across ria’’ components, whose axis directions
were determined by examination of the principal axes of the variability at each site and the orientation of the
local bathymetry. Throughout the inner and mid-ria, the major axis was close to 708, east of north. This value
was adopted for all the velocity data presented here. Positive along-ria (inward) ﬂow is therefore toward the
head of the ria, and positive across-ria ﬂow is directed to 1608, toward the southern coast of the estuary,
Mytilus was equipped with a 300 kHz RDI ADCP, data from which were processed with the University of
Hawaii CODAS software [Firing et al., 1995]. The data were corrected for heading errors and averaged over 1
min time intervals in bins of 1 m. Data from a downward-looking 600 kHz RDI ADCP towed on a raft behind
Arao were processed with RDI WinRiver software to provide 1 min averages in 0.5 m bins.
The vessel mounted ADCP data were detided by reference to the high-pass series at moorings A1 and A4.
For each vessel ADCP observation between moorings the simultaneous high-pass values of current at the
same depth at A1 and A4 were linearly interpolated to the ship position. Subtraction of the interpolated
high-pass velocity from the observed one provided an estimate of the low frequency subtidal component.
Vessel ADCP data outside the moorings were detided by reference to the nearer of the two moorings. The
difference between A1 and A4 high-pass series was small (standard deviation 0.03 m s21), and no signiﬁ-
cant spatial differences in the tidal signal are expected over the relatively short distances in question.
Complementary data, supplied by Puertos del Estado, included sea level at 5 min intervals in the Port of
Vigo and wind records at 60 min intervals from the Silleiro meteorological buoy, 10 km offshore the mouth
of the ria. Meteorological data at 10 min intervals were provided by MeteoGalicia for the Illas Cies station.
Freshwater outﬂow from the rivers that feed in to the ria via the strait at Rande was estimated from rainfall
at the nearby Vigo Peinador airport [Rıos et al., 1992]. Thermo-salinograph records were obtained from a
near-surface site close to A1 and from various depths at mooring A2, further out the ria, where near-surface
chlorophyll-a was also measured (Figure 1).
3. Results
3.1. Wind Forcing and Ria Response
The study was executed in September 2006 at a time when the upwelling season typically gives way to the
winter downwelling. Means and variability of the offshore Silleiro buoy and the Cies island winds over the
period September–October showed little difference, although the northward component was slightly stron-
ger at Cies (Table 1). The ﬂuctuations in both eastward and northward components were highly correlated
between sites. Vector correlations between the two sites were similarly high with only a slight difference
(108) in orientation of the principal axes of variability.
The alongshore component of wind at Silleiro buoy turned from weakly equatorward at the start of the
observations to northward early 27 September, averaging between 3.5 and 4.5 m s21 during the following
Table 1. Wind Statistics at Sites in Figure 1 for Period 1 September to 31 October 2006a
Mean and Standard Deviation Cross Correlation
Vector Correlation
Site U m s21 V m s21 Principal Axis u v u and v
Cies 0.966 2.96 2.956 4.63 108 0.73 0.69 0.78
Silleiro 1.046 3.19 1.896 4.90 08 2128 phase
aAll correlations are signiﬁcant at >99% conﬁdence level.
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days, with diurnal peaks and troughs
ranging between 8 and22 m s21 (Fig-
ure 2a). Cies followed the same pattern
but was 2–3 m s21 more northward
from 28 to 30 September. Mytilus
winds averaged over each day’s ship
sampling period of approximately 12 h
were closer to Silleiro winds, which
suggests that the stronger wind ﬂow at
the Cies station is caused by accelera-
tion around the island ﬂank.
Wind records from Mytilus during spa-
tial surveys of the entire ria on 26 and
30 September, vector-averaged over 5
min and into longitudinal bins of width
0.5 km, showed wind strength was
roughly constant throughout the outer
ria, but decreased from A4 inward. Dur-
ing the downwelling of 30 September,
wind speeds were above 6 m s21 in
the outer ria and fell to about half
those values in the inner ria. Variability
of the wind ﬂow was oriented close to
the ria axis (708 east of north)
Tides were passing from an equinoctial
spring range of 2.5 m to neaps of 1 m
during this time, as indicated by the
demeaned bottom pressure record
from A4 (Figure 2b). The effect of north-
ward wind was evident as an increase
of 12 cm in the detided sea level
record, indicating accumulation of
water in the ria interior. Freshwater out-
ﬂow into the ria via the strait at Rande
ﬂuctuated between 20 and 30 m3 s21
(1.8–2.7 3 106 m3 d21) during the
study period, typical of the season.
While salinity at A2, just outside the
middle ria, decreased from 35.4 to 35.0
near surface (2 m) and bottom (20 m)
during the week, surface (2 m) salinity
in the interior at A1 was seen to
increase from 34.2 to 34.8 despite con-
tinued river outﬂow (Figures 2c and 2d). At the same time, temperature increased at A2, at A4 in the middle ria,
and at A1, ﬁrst at the surface. The warming at the bottom in 40 m at A4 occurred on 29 September, at least a
day later than at surface A1. Near-surface chlorophyll-a at A2 increased suddenly by 2 mg m23 after midday on
28 September, and again by half that amount the following day, suggestive of physical accumulation of phyto-
plankton rather than localized growth.
3.2. Reversing Circulation Pattern
Time series plots of along-ria currents at A1 and A4 during the week (Figure 3) show the remarkable reversal of
the overturning circulation related with downwelling events. Although the semidiurnal tides strongly affect the
instantaneous structure of ﬂow, the evolution of this circulation is clear even in the hourly data before detiding.
Figure 2. (a) Hourly and low-passed meridional component of wind velocity
observed at the Silleiro buoy 10 km offshore (red curves) and at the Cies meteoro-
logical station (blue curves); black crosses indicate northward wind component
measured on R/V Mytilus averaged over daily sampling (horizontal bar 12 h) and
its standard deviation (vertical bar 2 m s21); daily total freshwater outﬂow
(dashed green) into the ria; (b) demeaned hourly (blue, left-hand scale) and
detided (dark blue, right-hand scale) bottom pressure at A4, expressed in height
units; (c) salinity at 2 m (light brown) and 20 m (dark brown), and chlorophyll-a
(green) at 2m at site A2; (d) temperature at 2 and 20 m at A1 (light blues), salinity
at 2 m at A1 (red), and temperature at 42 m (dark blue) at A4. Observation site
positions are shown in Figure 1. The light green bands indicate timing of the sec-
tions displayed in Figures 5, 6, and 10. Wind data are plotted following the stan-
dard convention of northward wind is positive.
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In the inner ria at A1, an estuarine ﬂow pattern was present as a surface outﬂow of fresher river-inﬂuenced
water above a layer of return ﬂow below 9 m (Figures 3a and 3b). This subtidal estuarine pattern weakened
gradually after the wind turned northward on 27 September and was completely reversed from late 28 Sep-
tember to the end of observations. Flow at all depths tended to reverse completely during the tidal cycle,
but less so near the end of the series.
In the middle ria, A4 (Figures 3c and 3d), some 6 km further out, the detided circulation was virtually null
(<3 cm s21) before the onset of northward wind. Here the antiestuarine, or downwelling, circulation was
established almost 1 day earlier than at A1. The tidal pulsations caused alternation of inward and outward
ﬂow through the entire water column at A4 on 26 and 27 September. However, as tidal ﬂows diminished
Figure 3. Along-ria component of current velocity in cm s21 at A1 (a) hourly and (b) detided, and at A4 (c) hourly and (d) detided. Observa-
tion site positions are shown in Figure 1. The light green bands indicate timing of the sections displayed in Figures 5, 6, and 10. Positive
values of velocity component indicate ﬂow toward the head of the ria (toward 708). Velocity contours are plotted every 5 cm s21 for hourly
data and every 2.5 cm s21 for detided data. Red tones depict outﬂow and blue tones inﬂow. The gray horizontal lines in Figures 3b and 3d
mark the nominal zero velocity interface depths used in transport calculations (see section 4).
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toward neaps and the wind forcing increased, the downwelling circulation became dominant. The bottom
depth at A1 is only half that at A4 and the currents were considerably weaker. Mass conservation in this
region implies that vertical exchanges between the upper and lower layers must take place between these
middle and inner ria sites.
The view of time-varying circulation at moorings A1 and A4 is complemented by along-ria velocity sections
(Table 2) observed from the two vessel ADCPs (Figure 4) that unequivocally show the downwelling circula-
tion penetrated as far into the interior as A1. Contributions from periods <40 h were eliminated from the
ship observations as described in Methods. On 26 September the ria outside A4 exhibited weak ﬂow, while
the interior was dominated by estuarine circulation. On the following day, this estuarine circulation was no
longer evident in the data, as ﬂow was generally weakly outward at about 0.5 cm s21. By 29 September, the
downwelling circulation was established in the outer ria as a surface inﬂow extending in to A4, while deeper
outﬂow was evident throughout the ria. On 30 September, the penetration of the strongly developed
downwelling circulation as far as A1 in the interior suggested that any estuarine circulation was restricted
to the innermost ria, possibly beyond the strait of Rande.
3.3. Changing Stratification and Chlorophyll-a
One or more sections were made each day along the ria with MiniBat or SCAMP on 26, 28, 29, and 30 Sep-
tember (Figures 5 and 6) at the times indicated in Table 2 and shown in Figures 2 and 3. Initially, relatively
low spiciness (low salinity) water in the outer ria was separated by higher spiciness (and salinity) in middle
ria from lower spiciness (fresher), estuarine water in the inner ria, while temperatures increased toward the
interior (Figure 6). Over the following days, temperature increased gradually from the surface down every-
where except in the innermost estuarine circulation. Density decreased overall by 0.5 kg m23, most rapid-
ly from 29 to 30 September, though estuarine inﬂuence remained visible as a wedge of less dense surface
water in the interior (Figure 5). At the same time, chlorophyll-a increased everywhere, reaching values up to
8 mg m23 in near-surface layers and spreading through the water column to deeper layers (Figure 6). The
surface chlorophyll-a at A2 (Figure 2) showed a steep increase after midday 28 September, consistent with
an accumulation of phytoplankton associated with inﬂowing waters.
Subduction of surface waters at the outer limit of the estuarine circulation was indicated in the middle ria
by the tongue of higher chlorophyll-a concentration (3–5 mg m23) sloping down from the surface near
8.778W beneath the less dense waters of the river-inﬂuenced interior (Figure 6). Closely similar structure
was reﬂected in the corresponding spiciness distribution (Figure 5), but this subduction feature was barely
evident in the temperature or salinity distributions from which spiciness is derived.
The repeated sampling allowed the depth of particular isotherms, isohalines and isopycnals to be tracked at
positions A4 and A1. Making use of proﬁles within 500 m of each site during the transects of 28–30 Septem-
ber, subduction velocities were estimated from the downward displacements of individual isopleths over
the time interval between observations (Figure 7). Differences between estimates from different variables
or days were indistinguishable within the scatter. Maximum downward velocities around 12 m d21 were
found at A4 close to the depth of the interface (15 m) between outgoing and incoming layers. Further in at
A1, downward velocities were about a third weaker, but again highest near the interface.
Table 2. Along-Ria Sections of Hydrography and Currentsa
Date Time UT Range 8W Instruments Comment
26 Sep 1340-1512 8.76–8.87 MB1ADCP
1512-1700 8.67–8.87 MB1ADCP
0900-1700 8.66–8.82 SC1ADCP ADCP at start of transect
27 Sep 0800-0835 8.69–8.81 ADCP ADCP transect only
28 Sep 0700-1600 8.82–8.66 SC
1600-1900 8.66–8.77 SC
29 Sep 0700-1300 8.66–8.83 SC
1300-1930 8.83–8.66 SC1ADCP ADCP for part of transect
30 Sep 0700-0745 8.67–8.75 MB1ADCP Inner half of transect
1325-1420 8.76–8.85 MB1ADCP Outer half of transect
aMB5MiniBat tows1CTD casts by Mytilus, SC5 SCAMP microproﬁler by Arao, ADCP5 Shipboard or towed ADCP.
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In the along-ria transects, the downward motion was evident in changing spiciness patterns (Figure 5), as
the maximum (>3.2), sank from near-surface inside A4 on 26 September to be advected outward below
25 m between 29 and 30 September. The sinking was detectable on 28 September as a spicier tongue slop-
ing down from 10 to 25 m between 8.76 and 8.818W (Figure 5), coincident with a slight warm inversion (Fig-
ure 6). By 29 September this downwelling circulation had migrated to inside A4, as indicated by the
stronger temperature intrusion and spiciness >3.2 in the deep outﬂow passing through the position of A4.
3.4. Phytoplankton Aggregation
The development of the subduction circulation and its expansion into the inner ria clearly affected the phy-
toplankton distribution (superimposed on chlorophyll-a in Figure 6). Initially, total dinoﬂagellates (dashed
red proﬁles) were present in moderate concentrations in the outer ria with slightly higher values near
Figure 4. Along-ria sections of detided velocity measured from the vessels Mytilus and Arao on (a) 26, (b) 27, (c) 29, and (d) 30 September.
Positions of bottom-mounted ADCP sites A1 and A4 are shown. The sampling transect is shown in Figure 1. Positive values of velocity com-
ponent indicate ﬂow toward the head of the estuary (toward 708). Velocity contours are plotted every 5 cm s21. Red tones depict outﬂow
and blue tones inﬂow.
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surface. At A4, higher concentrations above 20 m were maximum near 10 m, reﬂecting the chlorophyll-a
structure below the estuarine circulation. In the outer ria, proﬁles indicated insigniﬁcant change in concen-
trations during 27 and 28 September, while in middle ria (A4) they had decreased slightly by 29 September
due to the inward retreat of the estuarine circulation. The contribution from diatoms (solid red proﬁles) fol-
lowed a similar development to dinoﬂagellates, although their concentrations were lower. With the full
development of the downwelling circulation on 30 September, concentrations of both diatoms and dinoﬂa-
gellates increased in the upper 20 m in the outer ria and throughout the upper 30 m further in, consistent
with inward advection in the shallow surface layer and subduction in the middle ria. Changes in representa-
tive species at these and other sampling sites followed a similar pattern (Figure 8). The greater depth pene-
tration of higher concentrations at A4 resulted from the stronger downwelling there than at the other two
sites, as seen in Figure 7.
Figure 5. Along-ria sections of spiciness with density anomaly contours overlaid for days (a) 26, (b) 28, (c) 29, and (d) 30 September. Spici-
ness is contoured at intervals of 0.05 and density anomaly at intervals of 0.1 kg m23. Positions of bottom-mounted ADCP sites A1 and A4
are shown by purple lines. The timing of these sections with respect to time series at A1, A4, and other sites is indicated in Figures 2, 3,
and 12. The sampling transect is shown in Figure 1.
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3.5. Water Mass Replacement
Between 26 and 30 September, the water mass characteristics of all but the innermost ria changed
completely. The TS plots for those days (Figures 9a and 9b) identify the inner, middle, and outer zones on
the basis of MiniBat surveys of the entire ria. The zones are indicated in Figure 1, and the outer ria is subdi-
vided into northern and southern subzones by latitude 42.28N. On 26 September, the inner ria was evident
as a warmer arm of the TS distribution. This interior was characterized by mixing between fresher and
warmer estuarine waters (labeled E) and cooler, more saline waters of the middle ria. The purple line rough-
ly separates waters of more estuarine inﬂuence (above) from those of origin outside the ria (below). Much
of the middle and outer ria clustered in the range of temperatures 16.5–18.08C and salinities 35.45–35.7,
Figure 6. Along-ria sections of chlorophyll-a in (mg m23) with temperature contours (8C) overlaid for days (a) 26, (b) 28, (c) 29, and (d) 30
September. Positions of bottom-mounted ADCP sites A1 and A4 are shown. The timing of these sections with respect to time series at A1,
A4, and other sites is indicated in Figures 2, 3, and 12. The sampling transect is shown in Figure 1. Proﬁles of total dinoﬂagellate (dashed)
and diatom (solid) concentrations are overlaid in red. The zero of the concentration axis is located at the sampling station position in each
case (A4, 8.768W; B3, 8.818W; and A5, 8.868W). The proﬁle of 27 September at A5 has been inserted into the contour plot of the succeeding
day.
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within the ellipse (O), which represents water of oceanic origin introduced earlier by upwelling and subse-
quently warmed. The outer ria waters were generally cooler (16.5–17.58C) and ranged in salinity from 35.2
to 35.7 with the lowest salinities near the southern side of the ria mouth, inﬂuenced by the entry of waters
Figure 7. Vertical velocities (positive downward) estimated from vertical displacements of isotherms, isohalines, and isopycnals during 28–
30 September at (a) A4 and (b) A1. Quadratic linear least squares ﬁts (red curves) highlight the tendency to maximum downward velocity
near the depth of the interface between inﬂow and outﬂow.
Figure 8. Proﬁles of abundance of two representative dinoﬂagellate species (Dinophysis acuta and Ceratium fusus) on 26 September at (a)
A5 outer ria, (b) B3 outer/middle ria, and (c) A4 middle ria and on 30 September (d–f) at the same sites. Cell numbers of D. acuta are multi-
plied by 10 to facilitate comparison.
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(labeled C) of coastal poleward ﬂow along the continental shelf. These coastal waters are of lower salinity
and relatively warm, but their properties vary depending on their history.
The warmest, lower salinity water (35.1–35.4, 18.0–18.48C) persisted in the inner ria on 30 September,
although most of the ria had been occupied by water warmer and fresher than 4 days earlier (Figure 9b).
Almost all of the waters cooler than 17.58C, which had earlier ﬁlled the outer ria, had vanished, presumably
advected out of the ria in the bottom layer. TS values for the outer and middle ria lay scattered around a
line between (18.18C, 35.0) and (17.48C, 35.6), indicative of mixing between the fresher, warmer water mass
(C) entering through the southern mouth and the remaining portion of oceanic waters (O).
The time evolution of water masses based on the combined MiniBat and SCAMP proﬁles within 6750 m along-
ria of the two ADCP moorings (Figures 9c and 9d) illustrates the transition to warmer, fresher conditions. A4 was
seen to change from mainly the oceanic (O) water mass with some estuarine inﬂuence on 26 and 28 September,
to a situation of mixing between the incoming fresher coastal shelf water (C) and interior waters. At A1 mixing
between a slightly saltier bottom layer (35.65, 17.48C) of oceanic origin (O) and a fresher and warmer shallow lay-
er (35.4, 18.28C) of estuarine origin (E) persisted from 26 to 29 September. One day later, however, the saltier
water had been replaced by a fresher, warmer mixture of estuarine and incoming surface layer waters.
3.6. Turbulence in the Subduction Zone
SCAMP observations of hydrographic and turbulent conditions, made at high vertical resolution along the
central line on 26, 28, and 29 September, provide estimates of the diffusivity coefﬁcient Kt (Figures 10a–10c).
Figure 9. TS characteristics of the inner (blue), middle (green), outer north (orange), and outer south (red) ria on (a) 26 September and (b) 30 September, and of sites (c) A4 and (d) A1
on 26 (red), 28 (green), 29 (orange), and 30 September (blue). Curves of density anomaly (solid gray) and spiciness (dashed gray) are shown in kg m23. Estuarine inﬂuence is seen mainly
above the purple line, weakening from E toward lower temperature and higher salinity. Waters of oceanic origin are principally within ellipse O, while the lower salinities associated with
incoming surface layer water are indicated roughly by C.
Journal of Geophysical Research: Oceans 10.1002/2016JC011950
BARTON ET AL. SUBDUCTION DURING DOWNWELLING 7099
These have been smoothed over 6 m vertically and 0.038 (almost 3 km) horizontally in the contouring to
emphasize the overall patterns. The 26 September section shows a clear relation with the corresponding
velocity and hydrographic sections (Figures 4–6). The eddy diffusivity coefﬁcient Kt indicates stronger mixing
in relation to the estuarine circulation of the inner ria (as noted in the TS analysis) and near bottom. Weaker
mixing was indicated in the outer ria, where the ﬂow was sluggish on this date. As the downwelling circula-
tion was just becoming established inside A4 on 28 September, higher turbulent coefﬁcient values were con-
ﬁned more to the surface and bottom layers. By 29 September, generally higher Kt values indicated the
strongest mixing was associated with the downwelling circulation near A4 (again as noted in TS analysis),
while in the weaker circulation of the inner ria, Kt values were smaller. The highest values found near surface
reﬂect the more energetic wind and wave regime as the event approached its peak.
As an indicator of the general level of turbulence the mean dissipation rate e was calculated from each
SCAMP proﬁle (Figure 10d). The variation along-ria indicates that the pattern reversed with the
Figure 10. Along-ria sections of logarithm of turbulence coefﬁcient Kt m
2 s22 on (a) 26, (b) 28, (c) 29 September, and (d) depth-averaged
values of dissipation rate of turbulent kinetic energy e for SCAMP casts and linear least squares ﬁt to the distribution on each day. Positions
of bottom-mounted ADCP sites A1 and A4 are shown. The sampling transect is shown in Figure 1.
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establishment of the downwelling. Ini-
tially, on 26 September, lower values
were evident in the weak ﬂow of the
outer ria and higher values were asso-
ciated with the estuarine circulation in
the interior. As the estuarine circula-
tion was displaced further inward, the
inner ria became more quiescent with
lower dissipation. With the strength-
ening and inward encroachment of
the downwelling circulation, dissipa-
tion increased in the outer and middle
ria. Thus the initial inward increase of
e was reversed to become a decrease,
as indicated by the linear least
squares ﬁts to the e distributions in
the ﬁgure.
Individual SCAMP proﬁles show a
wealth of small-scale features in TS
structure and turbulent parameters in
relation to individual overturning
events forming part of the general subduction and vertical exchange, but conditions varied with position
relative to the subduction zone. During the strongly developing downwelling of 29 September, the inner-
most ria was characterized by linear mixing between two layers (Figure 11). The TS curve forms almost a
straight line from (35.6, 17.68C) to (35.0, 18.38C) indicative of mixing in the restricted estuarine circulation
between remaining lower layer, middle/inner ria waters and upper layer modiﬁed river outﬂow. Neverthe-
less, the irregularity of the curve indicates short vertical scales of mixing events. Only a few kilometers fur-
ther out, inside mooring A1, the TS structure was more convoluted with numerous inversions of salinity.
The spiciness at this position was notably higher than at other stations through much of the upper water
column. Near A4, while most of the column was relatively uniform in temperature, spiciness was high near
bottom in the warm temperature inversion around salinity 35.3, indicative of the deep outﬂow of subducted
water. The outermost proﬁle shown is the least spicy of all but also has a step-like structure indicative of
intruding layers.
4. Discussion
The results have documented the evolution of a downwelling event from the onset of northward wind to
almost complete replacement of the water mass of the ria. Downwelling occurs in response to poleward
wind pulses throughout the year. Currents observed every minute during 14 months with ADCP at A4,
revealed that 30% of the time was occupied by episodes of downwelling, deﬁned in the detided record as
simultaneous outﬂow in the layer 16–26 m above bottom and inﬂow in the layer 37–42 m above bottom.
However, the median duration of downwelling events was 2 days, although the distribution had a long
tail of less frequent longer events. This implies that most events are too short to develop fully and ﬂush the
ria, though if frequent they may have a cumulative effect.
Clearly, stratiﬁcation and hydrography vary throughout the year. In summer, scarce runoff weakens the ver-
tical salinity gradients while solar heating at the surface and frequent introduction of upwelled water at
depth increase the vertical gradients of temperature. In winter, despite signiﬁcant freshwater input, the
prevalence of downwelling and surface cooling tends to homogenize the water column. This annual cycle
renders problematic any location of the hydrodynamic regime of the ria within the classical stratiﬁcation-
circulation analysis of Hansen and Rattray [1966] and implies that events will vary in their detailed nature
and response. However, the sampling coincided serendipitously with the ﬁrst major downwelling event of
the season, one that gave rise to a HAB and therefore is of particular interest.
Figure 11. High-resolution TS characteristics at sites between the inner and outer
ria on 29 September. Positions are indicated by longitude in the labels of the TS
proﬁles. Curves of density anomaly (solid gray) and spiciness (dashed gray) are
shown in kg m23.
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Inward and outward transports during
this event were calculated over the
entire water column at sites A1 and
A4 from the de-tided current proﬁles
extrapolated to the surface. Assuming
a parabolic across-ria proﬁle of ﬂow
with zero ﬂow at the sides, transport
of volume within each depth bin was
estimated at both moorings. Positive
(inward) and negative (outward) ﬂows
were then summed to obtain the total
inﬂow and outﬂow (Figure 12a). The
position in the water column of the in
and out-ﬂowing layers at different
times may be seen in Figure 4. The ini-
tial weak transports at A4 increased
with the onset of northward wind
from late 27 September almost sym-
metrically in outgoing (lower) and
incoming (upper) layers. The total A4
transport increased from near zero to
a peak of around 800 m3 s21 on early
30 September, indicating accumula-
tion of water further inside the ria.
During the ﬁrst two and a half days,
when estuarine circulation dominated
at A1, inﬂow and outﬂow were similar
at both sites, although the A1 total
transport was weakly outward at
around 500 m3 s21. From late 28 September on, the circulation at A1 reversed to antiestuarine ﬂows of simi-
lar magnitude, but the total ﬂux was weakly inward, consistent with accumulation of water further inside
the ria.
Instead of a total transport budget approach, the transports below the mean depth of the zero velocity
interfaces (Figure 4) at A1 (9 m) and A4 (15 m) may be used to follow the development of the subduction.
The difference between lower layer net transports at A1 and A4 provides an estimate of hourly and detided
divergence in that layer (Figure 12b). While the lower layer tidally averaged transport at A1 remained small
on all days, at A4 it became increasingly outward from 27 September, as wind forcing increased, and there-
fore the lower layer divergence increased through the following days. The tidally varying regime initially
alternated between convergence and divergence because the tidal variation of lower layer transport was
greater at A4, but became divergent throughout the tidal cycle at the end of the observations.
Continuity implies that the roughly 1000 m3 s21 difference in lower layer outﬂow between A4 and A1 on 29
September (Figure 12b) is associated with a mean subduction rate of 4.7 m d21 over the 18.4 3 106 m2
area at the zero velocity interface depth. Sinking on 30 September would be twice as fast. An approximate
error of 20% may be ascribed to these sinking estimates supposing an uncertainty of 200 m3 s21 (half the
apparent discrepancy in total transport at A1 and A4). These area-averaged rates are compatible with the
estimates of downward displacement of isopleths in the hydrographic observations at A1 and A4 of 8 and
12 m d21, respectively (Figure 7). Mıguez et al. [2001] reported sinking velocities of 5.7 m d21, while Gilcoto
et al. [2007] reported downward motion of 1.7 and 10.8 m d21, both on the basis of box model analyses of
surveys several days apart.
A source of uncertainty in the transport estimates is their basis in a single central ADCP mooring that cannot
take account of lateral variations across the ria. Lateral ﬂow structure in estuaries is a function of Ekman
number Ek5 Az
fH2
and Kelvin number Ke5 fBﬃﬃﬃﬃﬃ
g0h
p , where Az is eddy viscosity, f is Coriolis parameter, H is water
depth, B is breadth of the channel, g0 is reduced gravity, and h is the upper layer depth [Valle-Levinson,
Figure 12. Transports of (a) inﬂow and outﬂow integrated over the water column,
and their sum, for detided currents at A1 and A4, and (b) total inﬂow in the lower
layers at A1 (below 9 m) and A4 (below 15 m) and their difference for hourly aver-
aged currents. The difference is also indicated for the detided ﬂows. The light
green bands indicate timing of the sections displayed in Figures 4, 5, 6, and 10.
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2010]. Using values observed in this study and an estimate of Az5 10
24 m2 s21 from other recent ria obser-
vations [Villama~na et al., 2015], Ek is estimated at 2.5 3 1023 at A1 and 5 3 1024 at A4. Corresponding esti-
mates of Ke are 0.48 and 0.68, respectively. These numbers classify the ria regime as a vertically sheared
system with minimal lateral variation. The lower layer transport estimates are more reliable because no ver-
tical extrapolation is involved and the narrower width of the ria at depth implies lower probability of lateral
variation. Missing observations near the bottom make little contribution as ﬂows tend to zero near-bed and
the channel width decreases.
The northward wind blowing along the continental shelf produces an eastward (shoreward) component of
Ekman transport TE deﬁned in terms of wind stress sy and given by
TE5sy=qf and sy5Cd qa v
2;
where water density q5 1000 kg m23, Coriolis parameter f5 1024 s21 at 428N, drag coefﬁcient Cd5 1.23 10
23,
air density qa5 1.3 kg m
23, v is northward component of wind velocity. Poleward winds of speeds between 3.5
and 4.5 m s21 at the Silleiro buoy, as on 28–30 September, imply an onshore Ekman transport of 0.212–0.351 m2
s21. Supposing that this occurs across the meridional width of the southern mouth of the ria (42.12–42.198N at
8.98W5 7.78 km), the total Ekman inﬂow in the upper layer would range between 1650 and 2730 m3 s21. This is
close to the estimates of upper layer inﬂow of 2800 m3 s21 and lower layer outﬂow of 2000 m3 s21 at A4 on 30
September (Figure 12). Alvarez-Salgado et al. [2000] found that the position of the downwelling front in the ria
depended on the ratio of TE/R, where Ekman transport is expressed in m
3 s21 km21, and R, the river outﬂow in
m3 s21. From 28 to 30 September the ratio was in the range 7< TE/R< 18, consistent with their ﬁnding that the
estuarine circulation does not extend to the middle ria when TE/R> 7. The rate of freshwater outﬂows into the ria
is in the present case1% of the maximum transports in the two-layer downwelling circulation.
Piedracoba et al. [2005] reported good agreement of Ekman transport estimated from the Silleiro wind with
surface layer transport at a site near A4 during sampling periods of several weeks. Despite observing cur-
rents at only ﬁve depths and uncertainty related to the cross-ria distribution of inﬂow and outﬂow, transport
estimates in incoming and outgoing layers agreed well with those from the box model of Alvarez-Salgado
et al. [2000]. Transports, up to 1200 m3 s21, were about half those at A4 at the peak of the event described
here, probably because they were based on changes in hydrographic conditions over 3–4 days and the cor-
responding current averages. The radical changes that may occur within a few days render such a sampling
frequency insufﬁcient to deﬁne the transient response.
Despite the dominance of the external wind forcing, the penetration of southwesterlies into the middle ria,
as seen here and suggested by Souto et al. [2001], implies that local wind may also play a signiﬁcant role in
extending the inverse circulation inside the ria through direct drag [Bowden, 1953; Csanady, 1973], wave-
current interactions [Signell et al., 1990] and modulation of the straining of the density ﬁeld [Scully et al.,
2005; Chen and Sanford, 2009; Li and Li, 2011]. For instance, Torres Lopez et al. [2001] modeled weak downw-
elling resulting from 5 days of constant local wind blowing within the ria. In the absence of ria winds, i.e.,
complete shelter inside the islands, the upper layer convergence would be located primarily at the mouth
and the interior circulation would be weaker, although surface setup would induce shallow ﬂow into the ria.
Wind from the southwest is seen here to extend well within the ria to drive the interior upper layer conver-
gence and overturning, though both Piedracoba et al. [2005] and Gilcoto et al. [2007] concluded that the
along channel component of the local wind made no signiﬁcant contribution.
The high-resolution view of the evolving along-ria convergence (Figure 4) and subduction zone in middle
ria (Figures 5 and 6) reveals that the locus of sinking migrated inward as the event developed and that par-
ticular hydrographic features like a warm anomaly were associated with downward motion (Figure 6). Insta-
bility, overturning, and mixing are evident in individual SCAMP/CTD proﬁles throughout the subduction
zone (Figure 11). At some locations and depths, mixing was almost completely diapycnal, where the TS
curve roughly parallels isospice contours. This seems to be the case with mixing across the density and
velocity interfaces of the inner estuarine circulation and in parts of the outer downwelling circulation. At
other locations, intrusions along density surfaces were indicated, as at 8.698W near A1. Here and near A4,
density inversions were indicated that could represent individual transient overturning events.
Enhanced diffusivity and energy dissipation were evident in the subduction zone on 29 September (Figure
10) despite the decrease of tidal ﬂows toward neaps (Figure 2). The increased diffusivity would result in an
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enhanced downward mixing of the nutrient rich low salinity surface waters and enable phytoplankton
growth beyond the nutrient rich surface waters, potentially contributing to the deepening chlorophyll-a sig-
nal seen on the 30 September (Figure 6). Another potential consequence of enhanced mixing throughout
the water column is the facilitation of vertical exchanges between the bottom boundary layer and the mid
and surface layers. In the presence of stratiﬁcation and positive estuarine circulation, benthic remineraliza-
tion of nutrients resulting from the oxidation of organic matter would generally be retained inside the ria.
Under strong downwelling events such as the one described here, the nutrient exports from the benthic
environment would partly be transported onto the shelf (Figure 4) and partly mixed locally within the water
column, therefore contributing to primary productivity within the ria.
The phytoplankton sampling complemented the higher-resolution chlorophyll-a sampling to demonstrate
the accumulation in middle and inner ria that leads to HAB generation (Figure 6), even though concentra-
tions (<8 mg m23) were lower than reported in other downwelling events (25–30 mg m23) by Crespo et al.
[2007]. Two typical dinoﬂagellates, the innocuous Ceratium fusus and the toxin-producing Dinophysis acuta,
demonstrated similar behavior to the total distributions (Figure 8). Low concentrations with a weak subsur-
face maximum on 26 September at B3 and A4 increased signiﬁcantly during the downwelling. By 30 Sep-
tember, higher concentrations at both these stations extended from the surface down to 30 m depth,
consistent with inward advection, accumulation, and sinking in the subduction area. Surface samples at
inner stations A1 and B0 (Table 3) show that on 26 September, before inception of the downwelling, these
(and other species including D. caudata, D. acuminata, and Gymnodinium catenatum), were almost
completely absent from the river-inﬂuenced waters of the inner ria, although present in the outer ria at B3
and A5. In contrast, by 30 September, these species had been introduced to A4, A1, and B0 by the intruding
downwelling circulation. The presence in small numbers of the toxin-producing D. acuta, D. caudata, D. acu-
minata, and Gymnodinium catenatum was consistent with inception of a HAB. Although no major event
occurred, these organisms, in the days of relaxed wind following the study, reached concentrations sufﬁ-
cient to justify a temporary closure of the cultivated mussel ﬁshery in the ria [Doval Gonzalez and Pazos,
2009].
The initial absence of these toxin-producing species from the inner ria is consistent with their being washed
out in the estuarine circulation to the outer ria and continental shelf, where they can grow fast enough to
override any losses forced by the weaker outﬂow there [Figueiras et al., 1994, 1995]. With the onset of
downwelling they are advected back to the interior of the ria [Fraga et al., 1988; Figueiras et al., 1995, 1996;
Fermın et al., 1996], where their swimming ability allows them to counteract downwelling velocities as
strong as 10 m d21. Thus, they are selected against diatoms and can accumulate in the inner ria and ﬂourish
as a bloom when downwelling relaxes [Fermın et al., 1996; Crespo et al., 2006, 2007].
The almost complete replacement of the water mass of the ria in just a few days involved an inﬂux of oce-
anic surface waters into the ria, as is well recognized [Gilcoto et al., 2001; Piedracoba et al., 2005]. Unusually,
the incoming surface water was lower in salinity than the ambient ria waters. This occurred because the
external source lay in the nearshore poleward ﬂow [Peliz et al., 2005; Santos et al., 2004; Otero et al., 2008;
Torres and Barton, 2007], which under northward winds can advect fresher (S< 35.6) water along the Atlan-
tic coast. This water, warm at the end of summer, entered the ria along its south coast and in part crossed
Table 3. Surface Concentrations of Three Dinoﬂagellate Species and Total Abundance of Dinoﬂagellates and Diatoms at Start and End
of Downwelling Episode at Sites Shown in Figure 1
Outer
Middle
Inner
Cells/mL Date A5 B3 A4 A1 B0
Ceratium fusus 26 Sep 13.90 2.00 2.60 0.40 0.12
30 Sep 7.80 11.36 16.71 14.81 8.24
Dinophysis acuta 26 Sep 0.60 0.10 0.00 0.00 0.00
30 Sep 1.40 1.96 1.88 2.24 0.16
Gymnodinium catenatum 26 Sep 0.20 0.00 0.00 0.04 0.08
30 Sep 0.34 0.76 0.88 0.00 2.04
Total dinoﬂagellates 26 Sep 222.96 86.57 116.76 38.10 46.05
30 Sep 243.52 232.35 212.31 83.51 125.74
Total diatoms 26 Sep 43.98 54.28 133.83 32.52 23.28
30 Sep 25.77 53.20 27.15 35.17 34.61
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northward outside A4 [Barton et al., 2015]. On the basis of numerical modeling, Sousa et al. [2014] suggested
that the low salinities could even be advected through the Rıa de Vigo and into the adjacent Rıa de Ponte-
vedra. Piedracoba et al. [2016] observed with HF radar that the surface ﬂow into and across the outer ria is
not simple but is characterized by the recurrent presence of two counter-rotating structures. Although this
inﬂuence of river outﬂow from further south was ﬁrst recognized by Mouri~no and Fraga [1982] in anoma-
lously low salinities during winter 1976–1977, the present study reveals the full extent of their role within
the Rıa de Vigo.
5. Concluding Remarks
Although it has long been recognized that downwelling penetrates into the Rıa de Vigo and conﬁnes the
estuarine circulation to the interior, the unprecedented resolution and detail of the present results provide
new insights into the processes involved. It has been found here that subduction during the sustained
downwelling event migrated from outer into the inner ria over the course of a few days and its magnitude
increased to that of the shoreward Ekman transport on the continental shelf outside the ria. As the downw-
elling circulation encroached inward, the ambient estuarine circulation was restrained to the innermost ria.
Except for these interior estuarine waters, the ria was ﬂushed by water originating in the poleward coastal
counter-current. The inﬂow and subduction favored the proliferation and accumulation of plankton, includ-
ing some potentially harmful species, in the subduction zone.
Nevertheless, questions remain about fundamental issues such as the typicality of the event detailed here.
Are downwelling events similar at other times of year, when stratiﬁcation and river outﬂow are signiﬁcantly
different? Do similar downwelling events always produce similar responses in the (possibly toxin-producing)
phytoplankton population? Moreover, details of the circulation like the lateral ﬂow structure in the middle
and inner ria remain unknown. Lack of near-surface current observations causes uncertainty in ﬂux esti-
mates and little is known of cross-ria circulation in the interior.
Ongoing observational process studies, coupled with time series monitoring and high-resolution modeling,
promise to help unravel the details of circulation, the processes affecting the residence time and water
quality, and their relation to ria biogeochemistry, including the contribution of benthic remineralization to
nutrient input and structure of the microbial plankton community. An increasing trend in water column
stratiﬁcation and regional decrease in the intensity and frequency of coastal upwelling [Lemos and Sanso,
2006; Perez et al., 2010; Pardo et al., 2011; Barton et al., 2013] and the associated reduction in the input of
nutrient-rich upwelled water into the rias could dramatically affect functioning of the ecosystem. More fre-
quent relaxation/downwelling events would lead to more persistent conditions of subduction and retention
or reversal of estuarine circulation inside the Rıa de Vigo. Understanding the reasons for the high productiv-
ity and the recurrence of toxic blooms in relation to downwelling events is necessary not only for managing
the system as is, but more importantly for maintaining its sustainability in the face of the local effects of
global change and increasing demands of marine stakeholders.
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